^  FfiE  nnpT 

MTL  TR  88-47 


WELDABILITY  OF  2519-T87 
ALUMINUM  ALLOY 

AD-A203  519 

JACK  H.  DEVLETIAN,  SANDRA  M.  DeVINCENT,  and 
STEVEN  A.  GEDEON 

MATERIALS  PRODUCIBILITY  BRANCH 


December  1988 


Approved  for  public  releoM; 


HMTIWIU  TtOanUHV  IMOMTIMT 


distribution  unlimited. 


OTIC 

“LECTEI 

FEB  0  7 19* 


U.S.  ARMY  MATERIALS  TECHNOLOGV  LABORATORY 
Watertown,  Masnchusetts  02172-0001 


89  2  6  172 


UNCLASSIFIED 


ttCUHITV  CUmiFICATION  TmH  FAOK  flWin  Of 


REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 

BEFORE  COMPLETINQ  FORII 

1.  RKBORT  HUMBCn  1.  OOVT  ACCKMION  NO. 

MTL  TR  88-47 

S.  RECIPIENT'S  CATALOO  NUMBER 

«.  title  rand  SubNIla) 

WELDABILITY  OF  2519-T87  ALUMINUM  ALLOY 

5.  type  of  report  a  period  covered 

Final  Report 

8.  PERFORMIN'*  ORO.  REPORT  NUMBER 

T.  AUTHOnraJ 

Jack  H.  Devletian,  Sandra  M.  OeVincent, 
and  Steven  A.  Gedeon 

•  ■  BeRFONMING  ORGANIZATION  NAME  ANO  AOONESS 

U.S.  Army  Materials  Technology  Laboratory 
Watertown,  Massachusetts  02172-0001 

ATTN:  SLCMT-MEM 

•0.  element.  PROJECT.  TASK 

area  a  work  UNIT  NUMBERS 

D/A  Project:  1L16210.5 .AH84 
AMCMS  Code  612015.H84 

1  I.  CONTROLLING  OFFICE  NAME  ANO  ADDRESS 

U.S.  Army  Laboratory  Conmand 

2800  Powder  Mill  Road 

Adelphi,  Maryland  20783-1145 

12.  REPORT  DATE 

December  1988 

IS.  NUMBER  OF  PAGES 

28 

14.  MONITORING  AGENCY  NAME  A  AOORESVII  dllltnnt  from  Cantr^Uln$  Oltif) 

1$.  SECURITY  class,  (of  (Ala  raporlj 

Unclassified 

ISa.  PJECLASSIFICATION/OOWNGRAOING 
schedule 

16.  DISTRIBUTION  STATEMENT  fof  Ihia  Rapofi) 

Approved  for  public  release;  da.stribution  unlimited. 

17.  DISTRIBUTION  STATEMENT  (of  tht  a.,  .rrael  anfarad  In  Black  20.  II  diflarani  Irom  Rapori; 

18.  supplementary  NOTES 

Condensed  version  of  this  report  is  published  in  the  Webbing  Journal, 

July,  1988 

19-  KEY  WORDS  <Conflrtu«  on  /evorae  aida  it  nocoaaory  and  id^nUty  by  block  number) 


_ ^Weldability  / 

Aluminum  alloys  f 
Mechanical  properties^ 

Armor  » 

20.  ABSTRACT  f’ConfInua  on  ravaria  aid*  //  nacaaaary  and  Idontify  by  block  number) 

(SEE  REVERSE  SIDE) 


OD  I  jan*7S  1473  edition  of  1  NOV  65  IS  OBSOLETE 


_ UNCLASSIFIED _ 

5 E CURITV  CLASSIFICATION  OP  THIS  PAGE  fUtian  Dtf  Btttntd) 


_ UNCLASSIFIED _ 

StCumry  CkAUiriCATION  O*  rmt  ^*0C  (Mm  Owa  CnurM) 


CONTENTS 


Page 


SUMMARY . 1 

INTRODUCTION  . 1 

FRACTURE  ANALYSIS  OF  PREVIOUS  BALUSnC  WELDMENTS . 2 

EXPERIMENTAL  PROCEDURE  . 3 

RESULTS . 4 

DISCUSSION 

Mechanical  Properties  . 6 

Fractography . 7 

Weld  Heat  Input . 8 

Shieldmg  Gas  Composition . 8 

Deposition  Rate . 9 

Post* Weld  Heat  Treat-nent . 9 

Hardness . 9 

CONCLUSIONS  . 10 

FOLLOW-ON  RESEARCH  . 11 

ACKNOWLEDGMENTS . 11 


■  'ibi?  Ity  Oi..  le.: 


‘  ...  ■'.Ill  ..jil,  ■  c 

ua 


1^ 


4 


I 


1 


SUMMARY 


In  this  continuing  research  program,  the  newly  developed  2S19-T87  aluminum  alloy  is  evaluated  as  a  possible 
replacement  for  5083-H131  and  7039-T64  aluminum  for  armor  plate  applications  on  U.S.  Army  combat  vehicles.  The 
purpose  of  this  portion  of  the  investigation  is  to  evaluate  the  weldability  of  thick-section  butt  joints  of  2S19-T87  welded 
to  itself  and  to  S083-H131. 

Full  penetration,  double-V  groove  'velds  were  deposited  on  19-mm  (3/4")  and  32-mm  (1-1/4")  thick  plates  of  2519- 
T87  and  5083-H131  by  the  gas  metal  arc  welding  (GMAW)  process  usmg:  (a)  two  levels  of  heat  input,  (b)  two  shielding 
gases,  and  (c)  four  filler  metal  compositions.  The  weldabiUty  criteria  were  based  on  tensile  properties,  hardness,  Charpy 
V-notch  (CW)  impact  toughness,  fractography,  microstructure,  level  of  porosity,  resistance  to  hot  cracking  (varestraint 
test),  and  deposition  rate. 

Fractographic  analyses  of  broken  transverse  tensile  specimens  of  welded  2519-T87  plate  usmg  all  four  types  of 
aluminum  flUer  metal  revealed  a  characteristic  or  preferred  crack  path  which  was  located  entirely  within  the  weld  metal. 
The  majority  of  these  fractures  exhibited  a  ductile  dimpled  appearance  with  microvoid  coalescence  beginning  at  par¬ 
ticles  of  CuAb.  The  crack  path  in  similar  welds  deposited  on  corner  and  butt  joint  specimens,  subjected  to  ballistic 
shock  testing  in  accordance  with  MIL-STD-1946,  followed  the  fusion  line  and  exhibited  slight  regions  of  brittle  fracture 
surrounded  by  mostly  ductile  microvoid  coalescence  fracture. 

Corner  joints  of  32-mm  (1-1/4")  2519-T87  weldments  were  successfully  qualified  to  the  MIL-STD-1946  ballistic 
shock  test.  Previous  ballistic  shock  test  results  of  2519-T87  weldments  were  found  to  be  invalid  due  to  the  test  velocity 
being  too  high. 

The  microstructure  of  weid  metal  deposited  using  both  levels  of  heat  input  and  various  alloy  filler  metals  exhibited 
typical  dendritic  structures  where  the  dendrite  core  was  aluminum  solid  solution  and  the  interdendritic  spaces  were 
filled  with  the  eutectic  phase. 

The  mechanical  properties  of  weldments  were  most  significantly  affected  by  the  filler  metal  composition.  Post¬ 
weld  aging  and  reduced  heat  input  (10  kJ/in.)  slightly  increased  yield  strength  and  hardness.  The  shielding  gas  composi¬ 
tion  of  25%Ar-75%Hc  was  found  to  increase  depoution  rate  by  30%  and  reduce  the  tendency  to  form  lack  of  fusion 
defects  when  compared  to  results  fouiid  when  using  100%Ar  shielding  gas.  The  filler  metals  having  the  highest  deposi¬ 
tion  rates  were  those  with  the  lowest  electrical  conductivity.  The  highest  was  5356  followed  by  4043, 2319,  and  4145, 
respectively,  Inaeaslng  the  cooling  rate  by  using  thicker  plates  slightly  inaeased  weld  metal  yield  strength  in  both  the 
as-welded  and  post-weld  aged  conditions. 

Good  tensile  strength  values  were  found  for  welds  made  with  2319, 4043,  and  4145  filler  metal.  This  was  true  both 
when  welding  2519-T87  to  itself  and  to  5083-H131.  Percent  elongation  values  appeared  to  be  low  for  these  welds,  but 
percent  reduction  of  area  values  were  higher  (around  6  to  20%,  depending  on  base  and  filler  material).  The  low  duc¬ 
tility  may  not  necessarily  be  a  problem,  however,  because  the  ballistic  shock  fracture  surfaces  appear  to  be  mostly  ductile 
rather  than  brittle. 

Varestraint  tests  show  that  both  4043  and  4145  are  resistant  to  hot  cracking.  The  2319  can  be  made  to  exhibit 
cracks  under  extreme  restraint  conditions,  but  is  probably  acceptable  for  most  production  applications.  Welds  using 
5356  filler  metal  were  extremely  hot  crack  susceptible  and  usually  cracked  in  the  root  pass  welds  of  2529  to  5083. 

It  is  anticipated  that  the  results  of  this  study  will  make  the  fabrication  ^f  2519-T87  a  viable  option  for  Army  applica¬ 
tions.  The  2519-T87  exhibits  a  superior  combination  of  ballistic,  strqss  corrosion  cracking,  and  tensile  performances 
compared  to  other  aluminum  alloys. 


INTRODUCTION 

Two  aluminum  alloys,  7039-T64  and  5083-H131,  have  accounted  for  the  majority  of  armor  and  structural  applica¬ 
tions  for  U.S.  Army  light  combat  vehicles  to  date.  Recently,  Alcoa  introduced  a  new  precipitation  hardening  alloy  desig¬ 
nated  2519-T87  aluminum  (conforming  to  MIL-A-46192),  which  combines  the  good  strength  and  ballistic  performance 
of  the  7039-T64  aluminum  alloy  with  the  good  stress  corrosion  cracking  resistance  of  the  5083-H131  aluminum  alloy. 
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The  2519-TS7  alumiaum  alloy  is  being  evaluated  as  a  potential  alternative  to  these  alloys  to  provide  adequate  armor 
protection,  stress  corrosion  resistance,  and  weldability.  In  addition,  the  use  of  a  single  alloy  to  replace  two  alloys  wiU 
help  solve  production  problems  associated  with  tracl^  two  different  alloys  throughout  a  plant. 

All  the  2519  material  studied  in  this  report  was  in  the  T87  temper  condition  and  the  5083  was  all  m  the  H131 
temper  condition.  Henceforth,  the  2519*T87  will  be  referred  to  simply  as  2519  and  the  5083-H131  as  5083. 

Although  initial  studies  on  the  weldability  of  2519  aluminum  (formerly  Alcoa’s  CV/34)  have  been  reported,*'^  addi* 
tional  research  was  needed  to  broaden  the  exiting  data  base  compiled  on  this  new  alloy  for  future  Army  utilization.  If 
the  2519  alloy  is  selected  as  a  primary  aluminum  armor  component  on  combat  vehicles,  weldability  data  for  2519  will 
become  essential  to  designers  and  structural  engineers.  In  addition,  dissimilar  metal  joints  between  2519  and  5083  may 
be  strticturally  critical  Also,  the  various  appurtenances  welded  to  the  primary  armor  are  currently  fabricated  from  5083 
aluminum' 

The  purpose  of  this  investigation  was  to  evaluate  the  weldability  of  2519  welded  to  itself  and  to  5083  using  the 
GMAW  process.  The  weldability  assessment  was  based  on  the  level  of  porosity,  resistance  to  hot  cracking  (via  the 
varestraint  test),  transverse-to*weld  tensile  properties,  hardness,  CVN  impact  toughness,  microstructure,  and  deposition 
rate.  The  principle  weldmg  variables  in  this  mvestigation  indurkd;  shielding  gas  composition,  filler  metal  composition, 
level  of  heat  input,  plate  thickness,  and  post-weld  heat  treatment. 

The  results  of  this  study  will  provide  a  preliminary  screening  of  welding  variables  to  minimize  the  number  of  weld¬ 
ments  needed  for  costly  ballistic  tests  per  MIL-STD-1946.  In  addition,  the  larger  data  base  for  the  2519  aluminum  alloy 
may  permit  a  more  cost-effective  utilization  of  this  alloy  as  a  potential  replacement  for  other  lightweight  materials  on  a 
variety  of  combat  vehicles  and  aircraft. 

FRACTURE  ANALYSIS  OP  PREVIOUS  BALUSTIC  WELDMENTS 

In  a  previous  report  on  this  program,^  a  series  of  eight  baUistic  weldments  were  tested  in  accordance  with  the  shock 
test  in  MIL-STD-194d.  Four  of  these  weldments  were  of  2519  welded  to  itself  with  2319  filler  metal  and  weld 
parameters  very  similar  to  those  of  Weld  #4  in  Table  1. 

Table  1 .  WELDING  CONDITIONS  USED  FOR  EACH  EXPERIMENTAL  VI/ELO 


TbicKntss  Types  of 

Gas  of  Plaie  Alloys  Filler 

Weld  No.  Schedule  Shielding  mm  (In.)  Welded  Metal 


1 

B 

2SAr-75He 

19(3/4) 

2519/2519 

2319 

2 

A 

25Ar-7SHe 

2519/2519 

3 

A 

25Ar-75He 

5083/2519 

4 

A 

lOOAr 

2519/2519 

S 

B 

2SAr-75He 

5083/2519 

► 

6 

A 

5356 

7 

9 

40«3 

8 

A 

4043 

9 

B 

4145 

10 

A 

4145 

11 

B 

1 

5356 

12 

A 

* 

2519/2519 

4043 

13 

A 

32  (1-1/4) 

2319 

14 

A 

4145 

15 

A 

32  (1-1/4) 

4145 

16 

A 

1 

f 

32  (1-1/4) 

4043 

17 

A 

lOOAr 

msswiM 

1 

2319 

1.  WOLFE,  T.D.,  and  GEDEON,  SA.  WeldabiUty  of  2219-T851  a^a  2519-TS7  Ahminum  Armor  Alloys  for  use  in  Amty  Vehicle 
Systems.  U.S.  A.’my  Materials  Technology  Laboratory  TR  87-28,  June  1987. 

?.  u.  LUCA,  E,  and  ANCTIL,  A.  Laminate  Armor  forLaht  Combat  Vehiclss  (U).  U.S.  Army  Materials  Technology 
Laboratory  TR  86-14,  April  1986,  p.  185-196. 

3.  MARTUKANTTZ,  RP.  Weldability  of  Ballistic  Alloys  CW33  and  CW34  Weldments.  Alcoa  Report  PREN  52-83-31, 1983. 
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Since  that  report,^  it  was  found  that  all  four  of  the  2519  tests  were  invalid.  All  four  tests,  which  were  previously 
reported  as  failures,  were  actually  fucd  at  too  high  of  a  test  velocity,^  and  thus  must  be  discounted. 

Three  new  weldments  weie  made  with  the  comer  joints  geometries  shown  m  ^’igure  1  and  the  weld  procedures  and 
conditions  listed  for  Weld  #4  in  Table  1.  All  three  of  these  u^dments  were  properly  impacted  twice  in  accordance  with 
the  ballistic  shock  test  in  MIL-STD*1946.  Only  weld  joint  C  showed  any  signs  of  crackitig.  Weld  C  had  cracking  in 
excess  of  12"  and  was  the  only  failure. 

Most  importantly.  Weld  C  was  expected  to  fail  because  of  its  poor  joint  design.  This  provided  additional  evidence 
that  MILrSTD-1946  can  distinguish  between  good  (A,  B)  and  bad  (C)  welds.  This  was  the  Hrst  ballistic  qualification  of 
the  weldability  of  2519  aluminum. 

Ballistic  shock  test  specimens  which  exhibited  weld  hactures  (from  the  first  series  of  tests^)  were  examined 
optically  and  with  a  scanning  electron  microscope  (SEM).  Fractographic  and  metallographic  analyses  indicated  that  the 
fractures  tended  to  propagate  parallel,  and  very  close,  to  the  weld  fusion  line  as  evidenced  by  Figure  2.  Despite  the 
shock  rate  of  loading,  the  fractures  were  essentially  ductile  as  illustrated  in  Figure  3.  The  major  mode  of  fracture  was 
microvoid  coalescence  initiating  primarily  at  CuAh  prediutates.  A  small  portion  of  the  fracture  surface,  near  the  fusion 
line,  appeared  to  be  brittle  surrounded  by  patches  of  ductile  fracture,  as  shown  in  Figure  4. 

Based  on  the  observation  of  a  '’lostly  ductile  failure  mechanism,  it  was  anticipated  that  the  ballistic  shock  resistance 
of  2519  weldments  could  be  increased  by  (1)  increasing  the  strength  of  the  weld  metal  (through  selection  of  filler  metal 
type  and  post>weld  heat  treatment)  and  (2)  reducing  the  amount  of  large  crack-sensitive  second  phase  precipitates 
between  dendrites.  Thus,  in  this  investigation,  reduced  h  nt  input  welds  and  higher  cooling  rates  were  examined  to 
determine  the  advantage  of  refined  primary  dendrite  arm  spacing  (DAS)  combined  with  smaller  second  phase 
precipitates.  Based  on  the  observation  of  small  patches  of  apparently  brittle  fracture  along  the  fusion  line,  temper  beads 
were  studied  to  understand  and  hopefully  eliminate  the  possibility  of  a  brittle  fusion  line  region. 

EXPERIMENTAL  PROCEDURE 

The  materials  used  in  this  investigadon  included:  19-mm  (3/4")  and  32-mm  (1-1/4")  thick  plates  of  2519  and  5083 
aluminum  alloys.  These  plates  were  machined  into  approrimately  300-mm  x  150-mm  (12"  x  b")  section^.  The  double-V 
groove  joint  shown  in  Figure  5  was  machined  along  one  of  the  300-mm  (12")  edges  of  each  section  in  order  to  provide 
weldments  for  mechanical  property  evaluadons.  Chemical  compositions  of  plate  and  filler  materials  are  given  in  Tables 
2  and  3. 


Tab'#  2.  CHEMICAL  ANALYSIS  OF  ALUMINUM  AUOYS 


Wakiht  Percent 

Cf 

Cu 

F* 

Mg 

Mn 

Mi 

Si 

Tl 

V 

Zn 

2r 

2519-T87 

S.60 

0.15 

ai9 

0.28 

aoo7 

0.06 

0.06 

0.05 

0.07 

0.1900 

S083-H131 

0.06 

0.06 

0.29 

4.50 

0.64 

0.004 

0.09 

0.02 

0.03 

0.03 

— 

7039-T64 

0.19 

0.05 

0.20 

2.87 

0.24 

0.240 

0.10 

0.02 

0.01 

4.25 

0.006 

Table  3.  CHEMICAL  COMPOSITIONS  OF  ALUMINUM  FILLER  METALS 

Weluht  Percent 

Be  Cr 

Cu 

Fe 

Mq 

Mn  Ni 

SI  Ti 

V 

Zn  Z' 

2319 

0.0008*  - 

6.3 

0.30* 

0.02* 

0.3 

0.20*  0.15 

0.10 

0.10*  0.18 

4043 

0.10 

0.5-1 .3 

1.0 

G*o”1«3 

0.5-1 

11-13.5 

0.25 

4145 

0.15 

3.3-4.7 

0.8 

0.15 

0.15 

9.3-10.7 

0.20 

5356 

0.0541.2 

0.10 

0.40 

4.M.5 

0.050.2 

0.25  0.060.2 

— 

0.10 

*Maximum  content 


4.  VAN  CANEGHAN,  RJ.  Re~test  Armor  for  Methodol(^  and  Specification  Development  (Ballistic  Tests  of  2519Allo\ 
Aluminum  Armof  and  2219  Alloy  Aluminum  Arm<^  Plate).  U.S.  Army  Combat  System  Test  Activity  Firing  Record 
No.  Ar-48902,  TECOM  Projectm  l-EG-965-000-476, 1987. 
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GMAW  was  performed  using  (1/16*)  diameter  filler  metals  of:  2319, 4043, 4145,  and  5356  designations. 
Two  levels  uf  heat  input  were  used  994  J/mm  (253  kJ/in.)  and  394  J/mm  (10  kJ/in.),  designated  Schedule  A  and  B, 
respectively.  In  addition  to  pure  argon  shielding  gas,  a  mixture  of  25Ar*7ffle  wu  evaluated  primarily  to  provide 
penetration  capability  and  v^d  bead  shape  suitable  for  OMAW  heavy  section  alum  mum  plates.  Welding  parameters 
for  both  levels  of  heat  input  are  given  in  Table  4. 


Tabla 


4.  WELOINQ  PARAMEi  £RS  FOR  NORMAL  HEAT  INPUT  (SCHEDULE  A)  Ar..d 
LOW  HEAT  INPUT  (SCHEDULE  B)  WELDS  DEPOSITED  BY  OMAW 


Currant 
Vbl^a 
TravaT  Spaad 
YAKkpiaoa  Position 
Torch  Inolinatlon  Angla 
Prahaat  anc  osthaat 
Intarpass  Tamparatura 
Oas  Flow  Rata 
SactrodaSlaa 
Oaanlng  Prooadura 

Backchipping _ 


26SA 

28V 

0.67  mm/s  (17  tpm) 
Flat 
6 


aonK 

28V 

1.2  mm/s  (301pm) 
Flat 
6 

Nona 


ISO  Maximum  ISO  Maximum 

OOCFH  80CFH 

121  mm  (1/181  1.2  mm  (1/16') 

aoatona  aenib  followad  by  stainlau  staal  wira  brush 
prior  to  first  pass  and  wira  brush  (or  aubsaquant  passas 
root  pass  only _ 


*Two  root  passas  wars  dapositad  with  Uia  low  hast  Input  paramatars  to  avoid 
bumth  rough 


Table  1  summarizes  the  test  matrix  of  welding  conditions  studied.  The  root  pass  was  backchipped  to  ensure  full 
penetration.  The  weld  area  was  cooled  to  room  temfierature,  washed  with  acetone,  and  stainless  steel  wire  brushed 
between  each  pass.  Each  weld  joint  was  radiographed  to  ensure  that  medianical  property  specimens  were  free  Grom 
defects.  Welds  were  then  saw  cut  into  blanks  for  subsequent  machining  of  tensile,  tou^ness,  hardness,  and  metal- 
lographic  specimens. 

Several  welded  specimens  were  heat  treated  prior  to  testing.  Post-weld  heat  treatments  included:  (1)  aging  at 
^Ol^C  (40(PF)  for  various  times  and  (?)  solution  heat  treating  to  535®C  (99^*10,  ice  water  quenching,  and  subsequent 
aging  at  204°C  (40(f  F).  All  heat  treatments  were  conducted  in  furnaces  with  an  air  atmosidiere. 

Mechanical  testing  included  uniarial  tensile,  CVN  impact  toughness,  and  hardness  tests  Standard  round  tensile 
bars  having  a  12.8-mm  (Q30S*)  ^liameter  and  a  S0.8-mm  (2")  gage  length  were  machined  m  accordance  with  MTL  SP  77> 
10  Type  T(R)-1.  Specimens  were  tested  at  a  crosshead  speed  of  137  mm/min  (0.05  in/min).  All  tensile  testing  was  per¬ 
formed  at  room  temperature.  CVN  impact  toughness  specimens  were  machin^  to  MTL  SP  77-10,  specimen  CV-2,  with 
the  notch  located  in  the  center  of  the  wdd.  Testing  was  performed  in  accordance  with  AWS  Standard  B4.0  at  room 
temperature.  Both  RockweU  B  and  Knoop  microhardness  tests  were  used  to  measure  the  hardness  characteristics  of 
each  weld  metal.,  heat  affected  zone  (HAZ),  and  base  metal. 

Metallcgraphic  specimens  were  prepared  transverse  to  the  weld  in  order  to  examire  the  weld  metal,  HAZ,  and 
base  metal  Weld  joints  were  polished  and  etched  with  Keller’s  solution. 

Varestraint  tests  were  performed  on  the  2519  plates  using  GMAW  with  various  filler  metals  to  measure  resistance 
to  hot  cracking.  Crack  length  measurements  were  recorded  after  testing  123-mm  (1/2*)  thick  plate  at  the  4%  aug¬ 
mented  strain  level  in  accordance  with  AWS  standard  B4.0.  The  varestraint  specimens  were  machined  so  that  after 
GMA  welding,  the  top  of  the  bead  was  flush  with  ’’  .e  upper  surface  of  the  specimen.  This  was  done  to  ensure  that  the 
imposed  strain  equaled  4%. 


RESULTS 

Four  filler  metals  were  used  to  weld  2519  to  itself  and  to  5083:  2319, 4043, 4145,  and  5356.  A  separate  bar  graph  is 
suown  for  each  mechanical  property  determination.  Figure  6  shows  the  ultimate  tensile  strength  (UTS)  as  a  function  of 
filler  metal  heat  input,  shielding  gas,  and  aging  treatment.  The  first  bar  for  each  of  the  five  welds  indicates  the  UTS  in 
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the  as-welded  condition,  and  the  second  bar  shows  the  effect  of  post-weld  aging  at  2(H^C  (MJffF)  for  1  hour.  Weld  #  1 
(the  second  set  of  bar'  in  Figure  6)  shows  the  effect  of  reduced  heat  input  Wdd  #4  (the  third  set  of  bars  ir  Figure  6) 
shows  the  effect  of  u*ing  pure  argon  shielding  gas  rather  than  25Ar-7SHe.  Welds  #12  and  #14  (the  fourth  and  fifth 
sets)  sJiowthe  effect  of  using  4043  and  4145  SuSet  metal. 

Similarly,  Figures  7  through  9  display  the  resulting  j^d  strength,  percent  reduction  of  area,  and  percent  elongation 
for  the  same  serie.<i  of  welds.  No  naechani^  properties  are  shown  for  2519  welded  to  itself  with  5356  filler  due  to  exten¬ 
sive  hot  cracking. 

Figures  10  through  13  present  the  mechanical  properties  as  a  function  of  the  same  weld  variations  for  the  dissimilar 
base  metal  combination  of  2519  welded  to  5083. 

Charpy  V-notch  results  are  shown  in  Figure  14  for  2519  welded  to  itself.  Figure  15  presents  the  CVN  values  of 
2519  welded  to  5083.  Unfortimately,  a  numbw  of  the  CVN  specimens  had  objectionable  defects,  and  not  all  filler 
metalA>ase  metal  combinatiocs  vmre  tested.  However,  it  was  determined  that  the  CVN  value  for  the  unwelded  2519 
base  metal  (5.9  ft-lb)  is  les.s  thim  the  CVN  value  of  the  2319  and  4043  filler  metals.  The  CVN  toughness  of  the  5083  base 
metal  was  found  to  be  10.0  ft-lb. 

The  resistance  tc  hot  cracking  was  determined  for  both  the  filler  metal  and  shielding  gas  composidon.  The  2319, 
4043,  and  4145  welds  exhibited  X-ray  quality  (per  AWS  Standard  D1.2)  and  metallographically  sound  deposits  on  2519 
plates.  The  5356  hUer  metal,  however,  developed  severe  hot  cracking  in  the  root  passes  of  2519  welded  to  itself  and  to 

5083. 


In  order  to  determine  the  ranking  of  resistance  to  hot  cracking  for  the  2319, 4043,  and  4145  filler  metals,  the 
vi..estraint  test  was  performed  using  GMAW  at  an  aupnented  strain  level  of  4%.  These  results  are  indicated  in  Table  5. 
As  shown,  2319  is  the  most  aack  susceptible  followed  by  4145  and  4043.  The  5356  filler  metal  was  not  tested  due  to 
severe  hot  craclung  cf  root  pass  weldments  of  2519  to  51^. 


Tabta  S.  VARESTRMNT  RESULTS  FOR  2S19-T87  WELDMENTS 

ThielmMt  of  Baa*  MMat,  in.;  O.S 

Oiamatar  of  Rllar  Matait,  Ir..:  1/16 

WtMlna  Currant,  amps:  1 10 

Wilding  VAoitiga,  voita:  2S 

Augmentad  Longitud'nal  Strain,  %;  4 


Fillar 

Wira 

Sample 

No. 

Max.  Crack 
Langtti  (in.) 

Total 

Crack.  No 

No.  of  Oauka 
(Length  >  0.1  In.) 

Total  Crack 
Length  (In.) 

2319 

1 

ai44 

21 

8 

1.82 

2 

ai64 

14 

9 

1.49 

3 

0.1S2 

20 

7 

Average 

0.153 

18 

8 

1.63 

4043 

1 

0148 

10 

3 

aao 

2 

0.223 

8 

2 

0.73 

3 

0.231 

3 

2 

a36 

Average 

0.174 

7 

2 

a62 

414SA 

1 

0.106 

S 

2 

0.38 

2 

0.121 

6 

2 

0.43 

3 

ai20 

6 

2 

0.44 

Average 

0.116 

6 

2 

0.41 

414dB 

1 

0.045 

3 

0 

0.12 

2 

0.112 

5 

1 

OJ29 

3 

0.063 

9 

0 

0.39 

0.073 

6 

0 

027 

The  2519  was  welded  using  two  plate  thicknesses,  19-mm  (3/4")  and  32-mm  (1-1/4"),  in  order  to  examine  the  effect.s 
of  cooling  rate  on  weld  properties.  The  thicker  plate  provided  a  greater  heat  sink  and  faster  cooiing  rate  per  pass.  Also, 
since  about  20  passes  were  needed  to  weld  the  32-mm  (1-1/4")  thick  plate,  a  high  percentage  of  filler  metaJ  was  present 
iu  these  welds.  The  resulting  mechanical  properties  of  these  thicker  base  plates  are  shown  in  Table  6.  As  indicated,  the 
slight  increase  in  cooling  rate  has  little  effect  on  the  mechanical  properties. 


5 


Taw*  e.  MECH^NICM.  PROPenTCS  Or  iMMI  »4>)  AND  »m  (M/4-)  SIMILAR 
iSIS-Tr  TO  MIS  Tit/  vmiMENTS 


VWVQ 

No. 

nia^ 

Qao 

TMoImm 
(mmj _ 

UT8 

Rail 

2%Y8 

(M) 

RA 

(%1 

Eton. 

(%) 

a 

asia 

28AP78H0 

19 

43J 

29.9 

21.9 

9.0 

13 

2319 

aBAr*78Ha 

32 

449 

30J 

17.9 

3.9 

• 

4043 

28A^7«Ha 

19 

3M 

27.7 

9.9 

3.0 

ie 

4043 

28Ar-78Ha 

32 

39.9 

29.1 

19.9 

3.9 

4 

2319 

IQOAr 

19 

43.4 

27.3 

17.3 

3.9 

17 

2319 

lOOAr 

49.3 

32.1 

11.9 

2.9 

Figures  ISa,  16b,  and  16c  show  Kaoop  microhardness  traces  of  the  weld  fusion  zone,  HAZ,  and  base  metal  for 
bead-on*plate  welds  made  with  2319, 4043,  and  414S  on  2S19.  All  three  welds  were  made  with  tte  same  parameters  and 
conform  to  Welds  #2,  #12,  and  #14.  Figures  17a,  b,  and  c  show  microhardness  readings  oa  dissimilar  root  pass  welds 
of  2519  to  5083  using  2319, 4043,  and  4145  filler  metals. 

The  effect  of  multiple  pass  welding  is  demonstrated  in  Fgure  18.  H«;e,  a  distinct  increase  in  hardness  is  found  in 
the  fine  equiaxed  structure  developed  at  the  pardaDy  melted  zone  of  adjacent  beads.  In  order  to  understand  this  effect 
in  a  controlled  experiment,  a  test  resemUing  the  "bead  temper  test"  was  performed.  The  effect  on  hardness  of  a  second 
bead  phccd  on  top  of  the  Hrst  bead  is  shown  in  Figures  19a,  19b,  and  19c  In  order  to  increase  the  strength  of  the  weld 
metal,  post-weld  heat  treatments  were  studied. 

Figure  20  shows  the  hardness  of  the  2519  as  a  function  of  aging  time  at  room  temperature  and  at  400*^.  As  indi¬ 
cated,  2519  naturally  ages  at  room  temperature,  but  artifidii  aging  does  increase  the  hardness  somewhat. 

The  choice  of  filler  material  and  shielding  gas  composidon  affected  the  deposition  rate.  In  order  to  quantify  this 
effect,  the  voltage,  electrode  extension,  and  travel  speed  weie  held  constant  while  the  wire  feed  rate  was  adjusted  to 
maintain  a  constant  current  These  results  are  presented  in  Table  7. 


Tabit  7.  WIRE  FEED  RATE  NEEDED  TO  MAMTAIN  CONSTANT  WEUXNQ  PARAMETBtS 


»,voitK  as 

ipoed,  ipm;  17 

Bactroda  Extansion,  in.;  3/4 
Currant  amps:  aSS 


WiWNo. 

BaaoPlatM 

FHIarMMal 

SMaWingQas 

\MrtFmdRatt 
mm/s  (Ipm) 

4 

2919/2919 

2319 

lOQAr 

102 

(241) 

2 

2919/2919 

2319 

29A^79Ha 

199 

(374) 

12 

2919/2919 

4043 

29Ar-79Ha 

199 

(390) 

14 

2919/2919 

4149 

29Ar-79Ha 

123 

(291) 

9 

2919/9003 

9399 

29Ar-79Ha 

174 

(412) 

PISCUSSION 


Mschanical  PropsrtiM 

The  weld  properties  were  most  significantly  affected  by  the  filler  metal  compositf.on  for  the  tange  of  weld 
parameters  stuped  In  general,  post-weld  aging  and  reduced  weld  heat  input  slightly  increased  the  strength  and 
lowered  the  ductility  of  the  weld  metal. 

As  indicated  in  Figures  6  through  9,  when  welding  2519  to  itself,  the  2319  and  414  S  weldments  showed  the  highest 
yield  and  tensile  strength.  The  2319  had  the  better  ductility  of  the  two  filler  materials.  The  4043  showed  the  largest  per¬ 
cent  reduction  of  area,  but  the  as-welded  percent  elongation  was  slightly  lower  than  that  of  the  2319.  The  yield  and 
ultimate  tensile  strength  of  the  4043  weldments  was  about  13%  lower  thu  that  of  the  23 19  or  the  4145. 
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In  the  tensile  test  results,  nlmost  all  of  the  yieldini  Mid  fracturing  occur  in  the  weld  metal.  The  tensile  specimens 
were  machmed  from  the  center  of  the  plates  so  that  the  root  bead  was  primarily  being  tested.  Because  of  the  small  size 
of  the  relatively  soft  weld  region,  the  use  of  a  2*  gauge  length  coatrttiuted  to  the  low  overall  percent  elongation  values. 
The  soft  weld  metal  is  ductile  as  evidenced  by  the  larger  percent  reduction  of  area  values. 

Welding  dissimilar  joints  between  2319  and  SQ83  alumiatmi  alloys  is  not  normally  recommended  by  Alcoa  and 
militmy  specification  MIL-A-46192.  Nevertheless,  welds  were  deposited  on  dissimilar  metal  jt^ts  of  19*mm  (3/4*)  thick 
2519  to  5083  using  2319, 4043, 4145,  and  5356  alUMt’'t.m  filler  mMal  alloys. 

Upon  welding  2519  to  5083,  the  4043  aliuniaum  developed  excellent  as*welded  strength  as  shown  in  Figure  10.  The 
tensile  strength  of  the  2319  and  4143  filler  metal  welds  were  ooiaparabk  to  those  of  the  4043  filler  metal.  The  4043  has 
the  best  combination  of  strength  and  ductility  when  welding  2519  to  5063  of  all  the  filler  materials  studied.  It  is  possible 
that  the  dilution  of  magnesium  from  the  5083  into  the  4043  filler  metal  is  responsible  for  the  increased  strength  of  4043 
when  welding  2519  to  5083.  The  5356  filler  material  had  uirprisiagly  good  ductility  but  provided  the  lowest  strength 
weld  joints.  The  amount  of  hot  aacking  encountered  when  using  the  5)56  renders  this  filler  metal  unacceptable. 

The  hot  cracking  susceptibilities  of  the  weld  metri  and  HAZ  are  known  to  be  functions  of  both  mechanical  and 
metallurgici^l  factors.  External  restraint,  weld  bead  shape  and  size  are  important  for  mechanical  aspects  while  the 
dendritic  morphology  and  solidus/liquidua  temperature  range  are  the  mqjor  metallurgical  contributors  to  hot  cracking. 

Varestraint  testing  showed  that  the  4XXX  series  filler  aet.  Is  exhibit  the  least  amount  of  hot  cracking.  This  is  due 
to  the  fact  that  the  added  elements  will  move  the  overall  weld  composition  closer  to  the  eutectic  point,  thus  reducing  the 
solidus/liquidus  temperature  range. 

The  welds  .made  with  2319  did  not  reveal  any  hot  cracking  visually  or  radiographically.  However,  fractured  tensile 
specimens  of  ?519  welded  to  5083  using  2319  did  show  some  Jight  regions  of  solidification  cracking.  This  amount  of 
cracking  was  not  evidenced  in  the  fnetured  specimens  of  2519  welded  to  itself  with  2319. 

The  CVN  tests  were  not  only  performe  I  in  order  to  characterize  2519  weldments,  but  were  also  intended  to  help 
understand  the  welding  parameters  needed  to  fabricate  weldments  that  can  pass  the  ballistic  shock  test  in 
MIL-STD-1946. 

Due  to  the  inability  to  properly  place  HAZ  notches  in  this  present  study,  wj  were  unable  to  successfully  use  CVN 
testing  to  understand  bdlistic  shock.  However,  a  number  points  can  be  made:  under  slow  loading,  the  base  metal  is 
stronger,  harder,  and  more  ductile  than  the  weld  metal;  under  CVN  testing,  the  base  metal  is  weaker  than  the  weld 
metal.  Due  to  hardness  traverse  results,  it  is  probable  i^at  there  exists,  imar  the  fusion  line  or  HAZ  of  remelteJ  welds,  a 
region  of  lowest  impact  resistance  at  the  hardest  re^n.  It  is  this  region  which  should  fail  earliest  during  the  ballistic 
shock  test. 

Fractography 

Fractured  surfaces  of  tensile,  CVN,  and  ballistic  specimens  were  examined  with  a  SEM.  The  slow  strain  rate  ten¬ 
sile  tests  all  fractured  in  the  weld  metal  which  had  the  lowest  hardness  and  lowest  yield  strength  (m  comparison  to  the 
fusion  line,  HAZ,  and  base  metal).  All  fractures  indicated  a  ductile  mode  of  crack  propagation  (microvoid  coalescence) 
ns  illustrated  in  Figure  21.  The  microvoids  mosUy  initiated  at  CuAh  predpitsles. 

All  of  the  weld  metal  contained  porosity  which  formed  during  solidification  as  evidenced  by  the  dendrite  arms 
shown  in  Figure  22.  Previous  research  has  shown  that  porosity  will  only  affect  the  tensile  pioperties  by  lowermg  the 
cross-sectional  area.  However,  excess  porosity  may  influence  CVN  properties.  The  fractured  surfaces  of  the  4145  weld¬ 
ments  which  exhibited  low  CVN  values  all  contained  excessive  porosity.  In  retrospect,  this  was  due  to  receiving  a  bad 
spool  of  4145  filler  wire.  Replacing  the  spool  resulted  in  substantially  less  porosity.  Unfortunately,  as  of  the  writing  of 
this  report,  we  did  not  test  the  CVN  properties  of  the  new  4145  weldments. 

The  CVN  impact  specimens  also  failed  by  ductile  microvokl  coalescence  (MVC).  Because  of  the  difficulty  in  cor¬ 
rectly  placing  a  notch  at  the  proper  location  on  the  fusion  fine  or  HAZ,  CVN  specimens  were  made  with  notches  in  the 
weld  area  only.  Thus,  it  is  difficult  to  use  the  CVN  values  to  predict  the  results  of  ballistic  tests. 
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Hw  ballUtic  fractures  seem  to  foUoui  the  weld  (usioa  hoe  u  shown  in  Rgure  Z  Recall  from  Rgure  18  that  the  inter- 
pau  fhsioo  line  ead>.tbits  the  hi^iest  hardneu  (which  might  also  have  the  lowest  impact  resistance).  However,  even  this 
area  exhibited  primarily  ductile  MVC  fracture. 

To  date,  CV!i  and  balhadc  shock  test  results  have  not  been  successfully  correlated  This  is  possibly  due  to  the  large 
diFerence  in  impact  velocities:  about  5  Ib'sec  for  CVN  impact  tests  and  700  to  iOOO  fl/sec  for  ballistic  shock  tests 
(depending  on  the  thickness).  Another  difference  is  that  the  CVN  specimen  has  a  notch  and  the  ballistic  specimen  does 
not. 


The  ability  to  cot  relate  CVN,  small  scale  tertt,  and  the  MIL-STD*1946  ballistic  shock  test  will  be  studied  in  a  future 
research  projea. 

W«ld  Hnat  Input 

The  vveld  heat  inf>ut  was  found  to  affect  the  primary  dendrite  arm  spacing  (DAS),  A  rerhiction  of  DAS  (from 
9. 1 X 10'*  m  to  6.7  X 10 *  ra)  occurred  vrhen  the  heat  mput  wu  reduced  tnm  994  JAnm  to  394  i/mm.  It  is  documented  in 
prior  solidification  studies*  that  aluminum  alloys  having  reduced  DAS  developed  better  strength  and  toughness. 
Similarly,  b  this  bvestigation,  the  reduction  of  DAS  resulted  b  (1)  sli^,tly  increased  weld  metal  yield  strength  (Figure 
7)  aod  hardness  both  b  the  asowelded  and  post>weld  aged  conditi^  and  (2)  reduced  volume  of  bterdendritic  second 
|base  previpitatioi:  after  welding.  The  reduced  heat  input  (Schedub  B)  welds  required  10  passes  compared  to  onIvS  . 
passes  (Schedule  Al  to  compbte  a  full  penetration  weld  on  I9*mm  (3/4*)  thick  pbte. 

Unfortunately,  the  refined  DAS  probably  does  not  affect  the  prr^ierties  enough  to  offret  the  added  production 
co.<:ts  of  using  a  bwer  heat  bpuL  Adchtionally,  the  smaller  weld  beads  make  it  more  difficult  to  properly  align  the  weld 
joint,  and  therefore  lack  of  fusion  may  become  a  problem.  It  must  be  noted  that  heat  input  studies  ^  not  cover  the 
entire  range  of  heat  bputs  being  used  for  ahimbum  vehicb  production.  Hitter  heat  inputs  (up  to  80  kJ/in.)  are  now 
being  studied. 

Miaostructures  of  weir's  deposited  on  2519  with  2319  mdibited  typical  dendritic  morphologies.  At  the  weld 
metal/base  metal  bterface,  shown  b  Figure  23,  an  equiaxed  grab  structure  with  dispersed  CuAh  precipitates  b  the 
grab  boundaries  formed  as  a  result  of  panial  melting  b  the  solidiu/liquidus  temperature  range.  The  effect  of  this  par¬ 
tially  melted  region  on  the  fracture  path  is  still  under  bvestigation  at  the  lime  of  this  writing. 

Shielding  Qae  Compotition 

In  the  past  weldability  studies  of  2519  aluminum,*'^  virtually  all  GMAW  has  been  performed  with  pure  argon 
shblding  gas.  However,  the  bead  surface  profile  and  "finger”  or  "spike”  penetratioo  of  GMAW  with  pure  argon 
bereased  the  bcklenoe  of  bek  of  fusion  r^ects,  particulvly  b  root  passes.  The  use  of  a  2SAr-7SHe  gas  mixture 
provided  several  advantages  over  pure  argon  for  welding  the  19-mm  (3/4*)  and  32-inm  (1-1/4*)  thick  plates  in  this  inves¬ 
tigation.  Sbee  pure  argon  produced  a  "spike”  type  penetration  pattern,  great  care  had  to  be  taken  to  ensure  that  the 
land  of  the  root  pass  was  fully  fused.  A  slight  misaUgnment  of  the  welding  torch  could  cause  a  lack  of  fusion  defect  along 
the  land.  The  25Ar-75He  shielding  gas  welds,  however,  developed  greater  side  wall  penetration  than  those  shielded  with 
pure  argon  and  ensured  excellent  fririon  of  the  seam  during  the  root  pass  despite  any  misal'Tnr  mts  of  the  torch.  In 
addition,  it  has  been  reported  that  Ar/He  mixtures  result  b  less  porosity  than  pure  argon.^ 

It  must  be  noted,  however,  that  argon  is  considerably  less  expensive  man  helium,  and  b  most  production  applica¬ 
tions  pure  argon  is  used.  If  a  high  heat  input  is  used,  the  larger  weld  bead  will  probably  not  have  the  bek  of  fr’sion 
problems  that  were  encountered  with  the  lower  heat  bput  parameters  listed  b  Table  4. 


5.  FLEMING.  M.C  Solidification  Processing.  McGraw-Hill,  New  York,  1976. 
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micr  metil  composition  and  shielding  gas  composition  substantially  affected  the  deposition  rate  during  GMAW  of 
?il9  aluminum  as  summarized  in  Table  7.  Apparent^,  depoadon  rate  increases  (at  constant  heat  input)  as  the  electri¬ 
cal  resistivity  of  the  filler  metal  increases.  For  example,  the  deposition  rate  as  measured  by  wire  feed  rate,  for  the  2319 
filler  containing  A1  «nd  Cu  is  substantially  less  than  that  for  5356  filler  containing  A1  and  large  amounts  of  Mg.  The 
greater  eleari^  resistivity  of  the  5356  fiUer  permitted  an  increase  m  I^R  preheating  of  the  wire  between  the  contact 
tube  and  the  arc. 

Similarly,  the  deposition  rate  of  a  give  a  filler  metal  (at  constant  heat  input)  mcreased  with  increasing  electrical 
resistivity  or  thermal  conductivity  of  the  shielding  gas  plasma.  For  example,  a  30%  increase  in  wire  feed  rate  was 
achieved  by  replacing  lOOAr  with  25Ar-75He  (and  mamtaining  a  constant  current)  as  displayed  in  Table  7. 

Another  way  to  view  the  effect  of  changing  shielding  gases  is  to  leave  the  wire  feed  rate  constant,  and  determine  the 
change  in  current.  When  lOOAr  is  replaced  with  25Ar-75He,  the  current  drops  from  350  amps  to  265  amps  (at  3/4"  stick- 
out,  26  volts,  and  158  nun/s  wire  feed  rate).  This  results  in  an  increase  in  apparent  arc  resistivity  from  0.074  ohms 
(2'j/350)  to  0.098  ohms  (26/265)  when  changing  to  25Ar-75He.  The  mechanism  by  which  deposition  rate  changes  as  a 
function  of  shielding  gas  and  fUler  metal  resistivity  is  not  well  understood. 

Post'Wtld  HMt  Treatment 

Welds  made  with  2319  filler  metal  were  always  responsive  to  post-weld  heat  treatment  to  some  extent.  The  weld 
metal  deposited  on  the  2519  plates  was  virtually  as  precipitation  hardenable  as  the  2519  base  letal  as  shown  in 
Figure  24.  Precipitation  hardening  reactions  taking  place  in  the  dissimilar  metal  welds  betwei  119  and  5083  aluminum 
alloys  were  a  function  of  Cu  content.  The  weld  passes  adjacent  to  the  2519  side  of  the  weld  join.,  responded  to  heat  treat¬ 
ment  almost  as  well  as  the  2519  base  metaL  The  weld  passes  adjacent  to  the  5083  side  of  the  weld  ei^bited  a  somewhat 
weaker  response  to  precipitation  hardening  (Figure  24).  The  5083  aluminum  displayed  very  little  hardening  since  the 
Mg  in  the  5083  is  unable  to  form  coherent  zones  upon  aging  as  does  the  Cu  in  the  2319  and  2519  aluminum  alloys. 

The  post-weld  aging  treatments  did  not  inaease  the  strength  of  2XXX  series  weldments  as  much  as  ori^ally 
anticipated.  In  response  to  this,  a  more  detailed  agmg  study  was  performed.  It  was  found  that  natural  agir  at  room 
temperature  is  nearly  as  effective  as  artificial  aging  at  400°F  as  shown  in  Figure  20.  Natural  agjng  may  also  account  for 
the  fact  that  microhardness  traverses  did  not  distmguish  a  solution  heat  treated  condition  in  the  weld  zone  as  was 
initially  suspected. 

The  low  heat  input  Weld  #1  had  greater  as-quenched  hardness  and  greater  response  to  precipitation  hardening 
than  the  medium  heat  input  welds  as  shown  in  Figure  25.  This  is  generaUy  true  since  the  low  heat  input  produces  a  finer 
dendrite  arm  spacing  and  permits  shorter  diffusion  distances  to  achieve  the  compositional  changes  required  for  the 
precipitation  hardening  reactions. 

Hardness 

Knoop  hardness  traces  were  measured  in  order  to  understand  the  microstructural  hardening  mechanisms  and  their 
effects  on  failure  location.  Although  a  thorough  characterization  is  inappropriate  at  this  time,  a  number  of  plausible 
inferences  can  be  drawn. 

The  2519  base  metal  immediately  adjacent  to  the  weld  bead  is  heated  above  the  recrystallization  temperature.  Out¬ 
side  of  that  region,  the  material  becomes  overaged  and  large  precipitates  form  with  a  corresponding  decrease  in 
strength.  This  explains  the  shape  of  the  hardness  traces  in  Figures  16  and  17  which  show  an  increase  in  hardness 
adjacent  to  the  weld  (on  the  2519  side)  followed  by  a  region  of  decreased  hardness  before  the  base  metal  returns  to  its 
unwelded  hardness  of  approxiinately  HK 143. 

The  5083,  which  is  not  a  precipitation  hardenable  alloy,  does  not  show  an  increase  in  hardness,  but  onb'  a  decrease 
iri  the  weld  vicinity.  This  is  a  result  of  the  agglomeration  of  the  beta  precipitate  phase  due  to  the  heat  of  welding. 
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The  strength  and  hardness  of  the  weld  metal  are  primarily  functions  of  composition.  Figures  16a  through  16c  show 
the  weld  metal  in  a  condition  similar  to  being  solution  heat  treated  and  naturally  aged.  The  4043,  which  has  the  least 
amount  of  copper,  also  has  the  lowest  hardness  and  strength.  Although  the  2319  has  the  most  copper,  it  is  not  as  hard  as 
the  4145  whi(^  is  alloyed  with  silicon  and  magnesium  (like  the  4043). 

Magnesium,  diluted  into  the  weld  from  5083  (when  welding  2519  to  5083),  was  found  to  increase  the  hardness  of  all 
three  Tiller  metals  as  shown  in  Figures  19a  through  19c.  This  accounts  for  the  fact  that  4043  is  stronger  when  welding 
2519  to  5083  than  when  welding  2519  to  itself.  The  fact  that  this  dilution  does  not  inaease  the  strength  of  the  4145,  how¬ 
ever,  indicates  that  there  is  a  complex  interaction  of  the  alloying  elements  that  is  not  presently  understood.  A  con¬ 
sumables  development  program  for  welding  2519  may  be  appropriate  at  a  later  date. 

The  heat  of  a  temper  bead  increases  the  hardness  of  all  three  filler  metals  slightly  (approximately  5  on  the  HK 
scale).  It  also  decreases  the  hardness  of  the  initially  recrystallized  zone  so  that  the  difference  in  hardness  is  much  less 
than  that  of  a  single  pass  weld.  However,  the  weld  bead  next  to  the  fusion  line  of  the  temper  bead  and  area  immediately 
adjacent  to  the  temper  bead  undergoes  recrystallization.  The  increase  in  hardness  due  to  this  second  recrystallization  is 
proportional  to  the  amount  of  copper  in  the  weld  bead.  This  is  responsible  for  the  hardness  spike  found  in  Figure  18. 

This  increased  hardness  region  along  the  boundary  from  weld  bead  to  weld  bead  in  a  multipass  weld  may  play  a 
role  in  tensile  and  ballistic  failures.  Figure  26  shows  a  cross  section  of  a  fractured  tensile  specimen.  As  can  be  seen,  uie 
fracture  follows  the  soft  region  adjacent  to  the  hard  region  between  passes.  The  hard  region  will  even  turn  the  crack  90° 
to  stay  in  the  soft  re^on  rather  than  cross  through  that  hard  repon. 

Another  postulate  now  being  studied  is  that  low  melting  point  eutectic  regions  may  be  found  at  the  grain  boun¬ 
daries  m  the  partial^  melted  zone  adjacent  to  the  fusion  line.  The  areas  may  promote  crack  propagation  and  failure 
upon  ballistic  loading.  The  partially  melted  zone  is  right  next  to  the  hard  recrystallized  zone  which  may  also  be  a  brittle 
region  during  ballistic  testing. 


CONCLUSIONS 

The  following  conclusions  can  be  made  based  on  the  data  obtained  during  this  mvestigation: 

1.  The  Filler  metals  which  have  the  best  as-welded  strength  when  welding  2519-T87  to  itself  are:  2319  and  4145.  Of 
these,  2319  has  the  better  ductility. 

2.  The  filler  metal  which  has  the  highest  as-welded  strength  and  ductility  when  welding  2519-T87  to  5083-H131  is 
4043. 

3.  Reduced  heat  input,  type  of  shielding  gas,  plate  thickness,  and  post-weld  heat  treatment  have  a  minor  influence 
on  the  weld  strength  and  ductility  (for  the  materials  and  parameters  studied). 

4.  Hot  cracking  can  occur  when  welding  2519-T87  to  5083-H131.  Varestraint  tests  show  that  4043  and  4145  are 
resistant  to  hot  cracking,  2319  can  crack  under  very  high  restraint,  and  5356  will  crack  even  under  low  restraint. 

5.  The  presence  of  a  temper  bead  changes  the  hardness  profile  across  the  weldment.  The  effect  of  the  temper  bead 
decreases  the  difference  iu  hardness  from  the  HAZ  to  the  weld  metal  and  may  increase  ballistic  performance. 

6.  Weldments  of  2519-T87  welded  to  itself  using  2319  filler  material  can  pass  ballistic  qualification  to 
MIL-STD-  1946.  Previously  reported  ballistic  failures  of  this  material  were  found  to  be  invalidly  tested. 
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FOLLOW-ON  RESEARCH 

A  number  of  foUow-on  tests  can  be  designed  based  on  the  presented  results: 

1.  Ballistic  weldments  will  be  fabricated  and  tested  using  various  filler  materials,  jomt  geometries,  and  high  heat 
inputs.  The  4043  and  2319  Filler  metals  seem  to  be  the  most  promising.  As  of  the  writing  of  this  report,  26  weldments 
are  being  fabricated  to  be  tested  m  accordance  with  the  ballistic  shock  test  in  MIL-STD-1946. 

2.  CVN  specimens  can  be  heated  with  a  Gleeble  1500  to  simulate  the  HAZ  properties  of  interest.  These  specimens 
will  be  machined  to  have  the  notch  in  the  proper  microstructure. 

3.  The  effect  of  high  heat  input  (40  to  60  kj/in.)  welds  wiU  be  studied  in  order  to  more  accurately  reflect  what 
presently  is  taking  place  during  production  of  aluminum  armor  weldments. 

4.  The  effect  of  temper  beads  will  be  further  studied.  The  weldments  will  be  mechanically  tested  in  order  to 
compare  the  results  to  the  previously  obtained  data. 
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Figure  Z  Mtorograph  of  tulllttio  ehook  test  tpoeiman  of  2S1 9-767  woldod  to  ittelf  using 
231F  fillsr  mstsi,  showing  crack  propagation  near  the  fusion  line,  Mag.  2X. 
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Rguraa.  Fraotoonipha(tMlll«tloahoei(tNtipMinwnof2519>T87w«l(MtoitMlfuting 
2319  ffliar  matal,  liMlieatlng  a  duetUa  fnotur*  mod*,  Mag.  1000X. 


Rgur*  4.  Fraetograph  of  tMlIlstIo  ahooh  taat  ipadman  of  2S19-T87  waldad  to  Kaalf  using 
2319  tillar  matal,  displaying  britd*  araas  surroundsd  by  duotila  dimpling,  Mag.  500X. 


14 


YMd  Stress  (MP*)  UKIsuto  Stress  UlPa) 


FguraS.  Doublc-Vgroovtvnld  joint  gaornttry 
uaod  for  mo^anleal  tpodmont. 


«ltM2 
SclMdult  A 
2SAr-73H« 
m«  Filler 


IMIdl 

SchwhiKB 

2SAr-7SHs 

2319nil«r 


Wild  4 
SdwduliA 
lOQAr 
2}»  niter 


Wild  12 
ScIwduteA 
2SAr-7»te 
400  Filter 


MteldU 
SchaduteA 
2SAr-nite 
414S  Filter 


RguraO.  Uttimatotensilo  strength  of  251 9>TB7 
to  2S19-T87  woldmants. 


Wild  2  Wildl  WUdd  WWdU  MteldU 
ScIwduteA  SdwduteB  SctwduliA  SctwduliA  ScIwduteA 

2SAr-75Hs  25Ar-7SHi  lOMr  2SAr-73Hi  2SAr-7SHi 

2319  Filler  2319  Filter  2319  Filter  dOOHIIer  4145  Filler 


Rgure  7.  Two  percent  offeet  yield  strength  of  2519-T67 
to  2S19-TB7  weldments. 


IIIIM2  WMl  WM4  WMQ  \Mldl4 
SdwduteA  SclMdutol  SchtduitA  SchiduteA  SchadutoA 

23Ar-79Ht  2SAr-7SM  ICOAr  2SAr*7M  2SAr-nHi 

aitnilw  SMFtItor  aNFIIIw  dOOFIIIir  4US  Filter 


Rgur*  8.  P*re*nt  rtduetton  of  atm  of  2S19-T87 
to  2S19-T87  VMidmontt. 


SclMdultA  ScNduteB  SchiduteA  SctwduteA  SchtduIcA 

25Ar-7SH«  2SAr-7SHi  lOWr  2SAr-7SHt  ZSAr*79te 

ai9  Filler  ai9  Filter  ai9  Filter  dOOHItor  AldSFIIIir 


FlQur*  9.  Porcint  tlongatlon  of  2S19-T87 
to  2S19-T87  wildmonts. 


16 


400 


3S0H 
300- 

274 

200-^ 

130-.^ 

100 -s. 

■■ 


As-WlIM 


YA 


m 


-b. 


I  PDst-MI4  Agid  1  hr 


^73 


k  w 


VA 


40 

hSO 


203 


^i- 

I 


40 

30| 

20 

10 


WiMB  WlldS  Wild4  WMdT  WildO  WMdlO 

SchttLA  Sch«d.B  Sc)Md.A  Sch«d.B  SchwLA  Sch(d.A 

2SAr-73H«  2SAr-7W«  2SAr-7mt  2SAr*7Wt  2SAr-73Ht  2SAr-7SHt 

2319Fllltr  2319FIIIM-  S354niiw  40ORIItr  dOOniter  dUSnilK 


FIgurit  10.  Ultimat*  tantll*  alrangth  of  2S19-TB7 
to  S083-H131  watdmant*. 


Sch«I.A  SclMd.  B  Sch«i.A  SctMd.B  Schtd.A  Sctwd.A 
29Ar-7SH«  23Ar-7SHt  2SAr-7SHt  2SAr-73H«  29Ar*7SH«  2SAr-7SH« 
2319  Filler  2319  Hllw  S3S4  Filler  4013  Filler  4013  Filler  4143  Filler 
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Figure  13.  Percent  eiongetion  of  2919-T37  to 
306341131  weldments. 
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Rgura  24.  Efteet  of  aging  dm*  on  RoeloNtli  B  hardnow  Rgura  25.  Efloct  of  aging  dm#  on  Rockwall  B  hardness  of 

of  solution  heat  treated  2S19-T87  to  S083-H131  wold>  low  and  madium  heat  input,  solution  haat  treated,  2519- 

mente  (using  2319  filler  metal).  T87  to  2519-T87  weldments  (using  2319  filler  metal). 


Pgure  26.  Micrograph  showing  the  fracture  path  in  a  tensile  specimen  of 
2S19-T87  welded  to  hseif  with  2319  filler  metal,  Mag.  4X 
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